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Abstract. Humic-Like Substances (HULIS) are a major
contributor to the organic carbon in atmospheric aerosol.
It would be necessary to standardize an analytical method
that could be easily and routinely used for HULIS mea-
surements. We present one of the first comparisons of two
of the main methods in use to extract HULIS, using I) a
weak anion exchanger (DEAE) and II) the combination of
two separation steps, one according to polarity (on C18) and
the second according to acidity (with a strong anion ex-
changer SAX). The quantification is performed with a TOC
analyzer, complemented by an investigation of the chemi-
cal structure of the extracted fractions by UV-Visible spec-
troscopy. The analytical performances of each method are
determined and compared for humic substances standards.
These methods are further applied to determine the water ex-
tractable HULIS (HULISWS) and the 0.1 M NaOH alkaline
extractable HULIS (HULIST) in atmospheric aerosol col-
lected in an Alpine Valley during winter time. This compar-
ison, although on a limited batch of samples shows that the
simpler DEAE isolation procedure leads to higher recoveries
and better reproducibility than the C18-SAX procedure, and
might therefore be preferable.
1 Introduction
The organic fraction represents an important part of atmo-
spheric aerosols, both from a mass point of view with up
to 50% in total mass (Putaud et al., 2004; Pio et al., 2007)
and also because it can largely influence physical and chem-
ical properties of particles. Further, the organic fraction can
modify the impact of aerosol on the radiative properties of
the atmosphere (Kanakidou et al., 2005; Fuzzi et al., 2006)
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and on human health (Mauderly and Chow, 2008). The
chemical nature of the vast majority of compounds represent-
ing the particulate organic matter (POM) remains unknown,
with only 10–20% by mass being resolved at a molecular
level (Puxbaum et al., 2000). It was recently shown that
macromolecular species are important contributors to the
unresolved mass of POM, comprising between 10–30% by
mass in marine, rural and tropospheric aerosol (Feczko et al.,
2007). This significant fraction is commonly referred to as
HULIS (HUmic LIke Substances), because of its physical
and chemical similarities with terrestrial and aquatic humic
and fulvic acids (Graber and Rudich, 2006, and references
therein).
Like humic substances, HULIS can be defined into two
major components on the basis of their solubility, namely
Water Soluble and Total (WS and T) HULIS. HULISWS
comprise organic substances of moderate molecular mass
that are soluble in pure water, whereas HULIST also includes
higher molecular mass substances only soluble in alkaline
media (pH=13, e.g. in 0.1 M NaOH, following conventional
humic substances extraction procedure for soil samples).
By definition HULIST can be directly extracted with 0.1 M
NaOH.
It is proposed that HULISWS represents an important frac-
tion of the Water Soluble Organic Carbon (WSOC) mass,
up to 30–50% in rural (Havers et al., 1998; Zappoli et al.,
1999; Facchini et al., 1999; Decesari et al., 2001; Kiss et
al., 2002), urban (Sullivan and Weber, 2006a, b; Kriva´csy et
al., 2008; Salma et al., 2008), marine (Cavalli et al., 2004),
and biomass-burning aerosol (Mayol-Bracero et al., 2002;
Decesari et al., 2006). A large effort is recently directed
toward the understanding of WSOC, which presents several
specific interests for the study of the physical properties of
atmospheric particles and their interactions with clouds. It
has been shown that HULISWS may affect aerosol properties
such as their light absorption (Hoffer et al., 2006; Dinar et
al., 2008) and hygroscopicity (Gysel et al., 2004; Badger et
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al., 2006; Dinar et al., 2006; Mircea et al., 2005). There-
fore, the nature and the abundance of HULISWS compounds
can significantly influence the cloud condensation ability and
thus have a climatic indirect effect.
The isolation or extraction of HULIS from atmospheric
particles is currently performed with several techniques that
are often adapted from previous research on terrestrial hu-
mic substances (Janos, 2003). Solid-phase extraction, as
well as reversed phase, ion exchange, and size-exclusion
chromatography have been employed for HULIS separation.
These various chromatographic methods fractionate organic
compounds on the basis of their molecular weight (Kriva´csy
et al., 2000; Andracchio et al., 2002; Sullivan and Weber,
2006b), of their polarity (Varga et al., 2001; Andracchio et
al., 2002; Duarte and Duarte, 2005; Sullivan and Weber,
2006a), of their acidity (Havers et al., 1998; Decesari et al.,
2000), or the combination of these two last properties (Lim-
beck et al., 2005). A synthesis recently proposed by Graber
and Rudich (2006), describes the advantages and limitations
of all these methods. Ultimately, it is however expected
that these different methods will extract different compounds
with chemical properties dependent on the isolation method
itself. There is currently a lack of a unified approach lead-
ing to a common operational definition for HULIS in the
field of aerosol science. Further, it is difficult to evaluate if
the different protocols in use quantify a comparable fraction
of POM, because inter-comparisons have never been con-
ducted. Luka´cs et al. (2007) proposed the first comparison of
the concentration of macromolecular compounds extracted
according to a method used by Fezcko et al. (2007) and a sec-
ond method used by Varga et al. (2001). The latter method
isolates more compounds than HULIS, and this fraction char-
acterized as light absorbing organic matter is referred to as
“brown carbon” by Andreae and Gelencse´r (2006).
With the goal to help in the standardization of extraction
and quantification methods for atmospheric HULIS, this pa-
per presents a first quantitative comparison of two of the main
methods in use. The first one is a single step separation tech-
nique using the weak anion exchanger resin DEAE cellulose,
while the second one is a two step protocol with separations
performed on hydrophobic C18 followed by anion exchanger
columns. These two methods are compared in order to deter-
mine their analytical performances (such as extraction yield
and selectivity).They are further applied on a set of atmo-
spheric samples obtained during winter time in an Alpine
urban site in order to show their differences. This limited
comparison comes as a complement to other studies describ-
ing extensive tests on other popular extraction methods for
example on XAD8 resins as described by Sullivan and We-
ber (2006a).
2 Experimental section
2.1 Isolation of total and water soluble HULIS
As carbon quantification in the extract seems to be the only
unequivocal determination method for HULIS, we focus on
methods where final HULIS extracts are not eluted with car-
bon containing solvents, thus allowing a direct determina-
tion of HULIS carbon. Such methods are not so common,
as many (Varga et al., 2001; Duarte and Duarte, 2005; Dece-
sari et al., 2000, 2005) use either organic solvents or ammo-
nium carbonate as eluents. Isolation in one step by anions ex-
change resins exploits the fact that humic solutions possess
an acidic character. The material mainly used in humic re-
search is the DEAE cellulose (Peuravuori et al., 2005) which
is a weak anion exchanger with tertiary amine functional
groups bounded to a hydrophilic matrix. This technique was
adapted to atmospheric research by Havers et al. (1998) to
isolate the Total HULIS fraction. Decesari et al. (2000) im-
proved this method using chromatography on a DEAE TSK
gel to split the WSOC into three classes of compounds: neu-
tral and basic compounds, mono- and di-carboxylic acids,
and polyacids. The advantage of using a DEAE resin is
the significant recovery of organic matter (Peuravuori et al.,
2005), the ability to inject sample without preacidification,
and the possibility to split the water soluble compounds into
different chemical classes with only one extraction step. The
drawback is that compounds on DEAE cellulose elute only
with high ionic strength solutions, introducing potential in-
terferences for the quantification or physico-chemical char-
acterization of HULIS in the extract.
Limbeck et al. (2005) proposed a more complex method
to isolate the HULIS fraction in aerosol samples based on
the protocol proposed by Varga et al. (2001). This method
includes two separation steps, the first one using polar in-
teractions on a C18 resin, the second one using the acidic
nature of HULIS to separate them on a SAX strong anion
exchanger. Combining those two different separation mech-
anisms provides high selectivity towards HULIS, which is
the major advantage of this protocol.
These two methods together cover approximately half of
the current work about HULIS quantification (Decesari et al.,
2000; Varga et al., 2001; Duarte and Duarte, 2005; Limbeck
et al., 2005; Sullivan and Weber, 2006a) and have been ap-
plied to a great variety of atmospheric samples. They domi-
nate in terms of simplicity, selectivity, and redundancy in the
literature. They were tested in our laboratory for comparison
of their results for HULISWS and HULIST.
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2.1.1 DEAE resin
We implemented at Laboratoire de Glaciologie et
Ge´ophysique de l’Environnement the protocol proposed
by Havers et al. (1998). The Total or Water Soluble
fractions obtained from aerosol samples (see Sect. 2.5)
are passed through the DEAE column (GE Healthcare ®,
HiTrapTM DEAE FF, 0.7 cm ID×2.5 cm length) without any
pre-treatment. After this concentration step, the organic
matter adsorbed is washed with 6 mL of organic free water
(Elgastat®) to remove neutral components and hydrophobic
bases. Then, mono- and di-acids together with some anionic
inorganic species retained in the resin are eluted with 12 mL
of a 0.04 M NaOH solution (J.T.Baker®, pro analysis). Fi-
nally, the polycharged compounds (the HULIS) are quickly
eluted in a single broad peak using 4 mL of a high ionic
strength solution of NaCl 1 M (Normapur®). All flow rates
are set at 1.0 mL min−1. This last fraction is collected for
carbon quantification (see Sect. 2.2).
2.1.2 C18+SAX resins
The methodology of the whole isolation procedure was pub-
lished by Limbeck et al. (2005) and was implemented at
LGGE. In summary, the first solid phase extraction step is
performed on a C18 SPE column (IST, 221-0020-H) (1 cm
ID, length 6.0 mm). The filtered liquid extract obtained from
aerosol samples is adjusted to pH 3 with a solution of HNO3
(Merck®, 65%, pro analysis) and passed through the sorbent
column. Then, 1 mL of water is used to remove inorganic
and organic compounds not retained on the sorbent. The
adsorbed fraction is further eluted with 400µL of methanol
(J. T. Baker®, MOS Grade). This last extract is diluted with
water and acidified with HNO3 to obtain 2.8 mL of solu-
tion at pH=3. To limit interferences with methanol during
the second separation step, only 1 mL of this solution is in-
jected through the SAX adsorbent (Isolute SAX, IST 500-
0020-H) contained in a Teflon® micro column (1.0 mm ID,
length 15.0 mm). After this concentration step, the column is
washed at a flow rate of 0.6 mL min−1 with 2.4 mL of water,
to remove neutral compounds. The HULIS fraction is fur-
ther eluted from the resin at a flow rate of 0.6 mL min−1 with
3.6 mL of a solution of NH4OH (0.05 M) (Sigma-Aldrich®,
ACS reagent).
2.2 Isolation of total and water soluble HULIS
Two different types of detectors are used in the literature
for the quantification and the characterization of the HULIS
fraction, namely direct carbon measurements with TOC an-
alyzers, and spectroscopic methods. Quantification of hu-
mic substances has been mainly approached by UV spec-
troscopic methods, owing to their simplicity and rapidity.
In the field of aquatic research on humic substances, vari-
ous wavelengths had shown important correlation between
absorbance and carbon concentrations measured with TOC
analyzers, i.e. 250, 254, 285, 330, and 350 nm (Hautala et
al., 2000). For the accurate calibration needed for the quan-
tification, UV-Visible spectroscopy requires standard com-
pounds with optical properties identical to that of the sam-
ples. The absorbance of humic substances is related to the
presence of conjugated double bonds (conjugated systems,
aromatic rings) as well as functional groups like ketones,
amines, or nitrated derivatives. Absorbance of such sam-
ples increases with pH, aromaticity, total carbon content,
and molecular weight (Chen et al., 1977). However, char-
acteristics of HULIS may largely differ from that of humic
substances, generally showing a smaller average molecu-
lar weight and lower aromatic moiety content (Graber and
Rudich, 2006). Hence, because exact standard compounds
do not exist for HULIS (see Sect. 2.3), the calibration per-
formed with UV spectroscopy using humic and/or fulvic
acids as reference compounds can introduce large errors for
the quantitative determination of HULIS concentrations. Fi-
nally, the direct quantification of carbon content with TOC
analyzers is much preferred and will be used in this study.
Yet, as spectroscopy can provide useful information on the
chemical structure of HULIS, UV-Vis spectra are acquired
during the separation procedure. It should be noted that
quantification with TOC methods requires that the oxidation
of HULIS is complete during the analytical step. We imple-
mented both methods for the quantification and characteri-
zation of HULIS. UV-Vis measurements are performed on-
line after the extraction systems, using a diode array detec-
tor (Dionex UV-VIS 340U), and recorded in the range 220–
550 nm. The HULIS fractions are subsequently collected
manually and the carbon content is analyzed with a TOC
analyser (OI Analytical 700 TOC Analyser) after chemical
oxidation of the organic matter. The detailed protocol is de-
scribed elsewhere (Jaffrezo et al., 2005). Briefly, the inor-
ganic carbon is first eliminated after acidification (600µL of
orthophosphoric acid, 5% in volume, Normapur®, analyti-
cal reagent) of the sample and the CO2 formed is removed
in a N2 stream. This step is followed by a warm oxidation
using persulfate (Normapur®, CL00.1402.1000, 100 g L−1)
and the CO2 resulting from organic matter oxidation is mea-
sured by a non dispersive infrared spectrophotometer. The
calibration is performed with potassium hydrogen phthalate
(GRP Rectapur®) for carbon concentrations in the range 0–
2 ppmC. Since the chloride anion inhibits the oxidation re-
action, the DEAE extract is diluted by a factor two and the
oxidant volume introduced in the reactor is in large excess
(6 mL). The usual volume of oxidant (1 mL) is used for the
quantification of the carbon mass in extracts obtained with
the C18+SAX method. Measurements of WSOC concentra-
tions in aerosol samples are also conducted with this device
(Jaffrezo et al., 2005) (see Sect. 2.4).
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2.3 HULIS standard
The comparison of the results obtained with TOC and UV-
Vis methods requires a proxy standard for HULIS com-
pounds that is commercially available. Two products are
commonly used in the literature as model compounds for
atmospheric HULIS, Suwannee River Fulvic Acid (SRFA)
and Humic Acid from Fluka®. The SRFA obtained from
the IHSS (product number 1R101F) is used in many stud-
ies as a proxy for atmospheric HULISWS (Fuzzi et al., 2001;
Brooks et al., 2004; Chan and Chan, 2003; Kiss et al., 2005;
Samburova et al., 2005; Hopkins et al., 2007; Hatch et al.,
2008). Humic Acid from Fluka (53 680) is used by Limbeck
et al. (2005) and Feczko et al. (2007) for TOC and proce-
dure calibrations. Based on spectroscopic, elemental, Car-
bon and Proton Nuclear Magnetic Resonance (13C- and 1H-
NMR, and Fourier Transform Infra Red coupled to Attenu-
ated Total Reflectance spectroscopy (FTIR-ATR) studies of
the respective chemical composition of atmospheric HULIS
and aquatic humic substances, it is shown that both com-
pounds comprise similar carbon functional groups (Havers
et al., 1998; Kriva´csy et al., 2001; Duarte et al., 2004; Duarte
and Duarte, 2005; Tagliavini et al., 2006; Samburova et al.,
2007) but differ in terms of their relative H/C and O/C ratio.
WSOC hydrophobic acids (HULIS) show a higher aliphatic
structure and a lower degree of oxidation than those of humic
substances (Graber and Rudich, 2006; Duarte et al., 2007).
Therefore, aerosol WSOC hydrophobic acids are found to be
only qualitatively similar to aquatic humic substances.
Because SRFA is mainly used as standard in the literature
and HULISWS is by definition composed mainly of fulvic
acids, we also choose, like many other groups, to evaluate
both protocols with SRFA to represent HULIS fractions in
our study. However, some experiments were also performed
with Humic Acid Fluka, to compare our results with those
of Limbeck et al. (2005). In order for those evaluations to
be consistent with actual measurements, we used volumes
of solutions leading to carbon loads in the extracts that were
comparable with those from actual atmospheric aerosol ex-
tracts. Namely, we used carbon loads of approximately 5–
15µgC of SRFA and humic acids for the DEAE protocols,
and 10–25µgC for the C18+SAX protocol. Humic acid and
Fulvic acid solutions were prepared by dissolving an amount
of dried products in organic free water (Elgastat®). Ultra-
sonic agitation was used for both preparations in order to get
a complete dissolution. The Humic acid solution was filtered
through an Acrodisk filter (Pall Gelmann®, 0,22µm poros-
ity) to eliminate insoluble particles.
2.4 Aerosol sampling
After characterization (see Sects. 3.1 and 3.2), the meth-
ods were applied to a series of actual atmospheric samples.
Sampling took place in the Chamonix valley, in the French
Alps. The sampling site was located in the suburban area
of the Chamonix town (6◦52′16′′ E; 45◦16′34′′ N; altitude
1038 m a.s.l., about 20 000 inhabitants in winter), in a grassy
area about 60 m from a road. The 15 km long valley floor
is rather flat at an elevation of approximately 1000 m a.s.l.
on average and is surrounded by tall mountains culminat-
ing with the summit of Mont Blanc (4810 m a.s.l.). There
are neither industrial emissions nor waste incinerators in the
valley, and the main anthropogenic sources of emissions are
vehicular traffic, residential heating (fuel or wood burning
stoves) and some agricultural activities. The sampling took
place for a period of 10 days in winter 2007 (10th to 19th De-
cember 2007). Sampling duration was based on a day/night
pattern, with 12 h sampling starting at 08:00 and 20:00 lo-
cal time. PM10 samples were collected on quartz fiber fil-
ters (Whatmanto®, diameter of 150 mm) with a high-volume
sampler (Tisch Andersen) at a flow rate of 30 m3 h−1. Af-
ter sampling, the filters were wrapped with aluminum foil in
sealed polyethylene bags and stored frozen until further anal-
ysis. A total of 16 samples and 3 blanks were collected. Air
temperature during the campaign ranged between −15.6◦C
and −3.5◦C (average −11.2◦C); winds were calm, and no
precipitation was recorded. In these conditions, a large share
of atmospheric PM is due to local emissions of wood com-
bustion from domestic heating (Marchand et al., 2004).
2.5 Aqueous and alkaline extraction of the aerosol sam-
ples from quartz filter
The water-soluble fraction of each sample is obtained with
the extraction of 12–22 cm2 of filter during 30 min in 9 mL
of organic free water (Elgastat®) using ultrasonic agitation.
The surfaces extracted are adapted to the OC concentrations
measured in each sample (see Sect. 2.6). Accordingly, to
obtain the alkali-soluble fraction, 12 cm2 of sample are ex-
tracted during 1 h in 9 mL of 0.1 M NaOH solution using ul-
trasonic agitation. After sonication, the extracts are filtered
with Acrodisk filters to remove any particles in suspension.
The solutions are kept frozen before analysis. Measurement
of HULIS and soluble OC are performed on both types of
solution, water and alkali extracts.
2.6 OC/EC quantification
Samples are analyzed for EC and OC using the Thermo-
Optical Transmission (TOT) method on a Sunset Lab ana-
lyzer (Birch and Cary, 1996; Aymoz et al., 2007). We are
using the newly developed EUSAAR2 temperature program
proposed in Cavalli and Putaud (2009). It includes temper-
ature up from 200 to 650◦C for the analysis of OC in 100%
He, and up from 500 to 850◦C for the analysis of EC in 98%
He+2% O2. Automatic split time was always used for the
distinction between EC and pyrolyzed OC. We analyzed frac-
tions of 1.5 cm2 of the filters, without any preparation.
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Table 1. Analytical performances of the DEAE and C18-SAX methods measured for fulvic acids (SRFA, from IHSS). Results are from a
series of 10 and 13 experiments for respectively DEAE and C18+SAX methods.
DEAE C18+SAX
Analyser TOC UV (250 nm) TOC UV (250 nm)
Range studied (µgC) 3–20 5–20
Limit of detection (µgC) 0.4 4.2 1.7 10.6
Extraction yield (%) 93.0±1.1 96.0±2.0 50.8±2.9 52.5±8.1
Relative standard deviation (10µgC) (%) 1.2 1.7 5.7 9.4
3 Results and discussion
In order to determine the respective performances of the
DEAE and C18-SAX methods, different analytical charac-
teristics such as linear range, reproducibility and extraction
yield were studied with SRFA standard solutions. The pres-
ence of interfering materials should also be taken into con-
sideration. Recovery tests were carried out with a variety of
different water-soluble organic compounds relevant to atmo-
spheric aerosol.
3.1 Analytical performance
The extraction yield is defined as the ratio between the mass
recovered and that introduced in the resins, using 20µgC of
a synthetic solution of SRFA. For both methods, recovery
is not complete, as a fraction of the analyte remains in the
sorbents due to irreversible adsorption (cf. Table 1). In our
case, the extraction of SRFA on DEAE-cellulose presents a
recovery of 93.0±1.1% (n=10), comparable to the results of
Havers et al. (1998). The recovery on C18+SAX leads to a
much weaker yield, with an average of 50.8±2.9% (n=13).
Comparable results are obtained when using UV detection.
Limbeck et al. (2005) mentioned a recovery of 70% for the
first extraction step of the latter method, as determined with
UV detection and humic acid Fluka standard solutions. No
value is provided for the whole method to compare with our
results. We performed further extraction experiments with
humic acids for both methods, in order to compare with
values presented by Limbeck et al. (2005). We used loads
of 20µgC of humic acid (Fluka) and measured yields that
are much lower with average values about 60±2.2% and
25±3.6%, for DEAE and C18+SAX methods, respectively.
These results indicate more irreversible interactions between
the resins and higher molecular weight acidic compounds.
Overall, we can conclude that a higher uncertainty can re-
sult when correcting the HULIS concentrations measured in
actual atmospheric samples for the extraction yield as deter-
mined with SRFA for the C18+SAX method. However, for
both methods, a good correlation was found between TOC
response before and after the extraction steps, for a range
of loads between 0 and 25µg C in SRFA. It shows that the
performances of both procedures are not influenced by the
analyte load in this range.
The reproducibility of the methods was also determined
(see Table 1). For the DEAE method, relative variabil-
ity of 1.0% and 1.7% were obtained for TOC and UV
(250 nm) measurements, respectively, for extractions of se-
ries of SRFA amounts of 10µgC (n=7). For the C18+SAX
method, a series of measurements of SRFA amounts of
20µgC (n=7) led to a relative variability of 5.7% with the
TOC analyser and 9.4% with UV detection. Limbeck et
al. (2005) showed a similar value (i.e. 4.3%) using a more
automated system. Therefore, particularly for the former
method, the reproducibility is excellent down to amounts al-
lowing the measurements of low atmospheric concentrations.
The limits of detection (LOD) were calculated as twice
the standard deviation of the blank value obtained for each
procedure for series of 10 measurements performed with
Elgastat® water. The average blank values are about
0.60µgC and 1.50µgC for the DEAE and C18+SAX meth-
ods, respectively. We found LOD of 0.5µgC for the DEAE
method and 1.7µgC for the C18+SAX method, as deter-
mined with the TOC detection. The larger LOD for the latter
method is due to both successive separation steps that imply
a larger irreversible and variable adsorption of the analyte,
as seen before. Moreover, in order to limit the interferences
with methanol during the separation on the SAX resin, the
C18 extract is not fully injected, further increasing the LOD.
It should be mentioned that such LOD can only be achieved
after several sequences of initial washing of the brand new
resins, with water and methanol for C18 and SAX, and with
water for DEAE, in order to get a low and stable background
blank value. Also, for both methods, successive uses of the
resins for the analyses of actual samples modify the overall
background blank value. To avoid errors on the measure-
ments, a blank of the whole procedure is performed after
each couple of samples and the resins are discarded after ev-
ery set of approximately 40 samples.
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Table 2. Results of chromatographic retention and recovery tests for specific compounds (listed by functional groups) in both the DEAE and
C18+SAX extraction schemes.
DEAE C18+SAX
Functional group Eluted Eluted Eluted Not Retained
and Compounds with with with retained and
H2O NaOH NaCl recovered
Carbonyls







•Salicylic acid X X
Aromatic Acids
•Benzoic acids X X
Amine









HULIS consists in polyfunctional compounds made up of a
heterogeneous mixture of aliphatic and aromatic structures
with substituted acidic, phenolic, methoxy, and ester func-
tional groups (Decesari et al., 2001; Kriva´csy et al., 2001;
Kiss et al., 2002; Mayol-Bracero et al., 2002; Graber and
Rudich, 2006; Samburova et al., 2007). Organic compounds
present in aerosol can potentially influence the performance
of the separation and quantification techniques as soon as
they contain such functional groups. In the isolation pro-
tocol of Varga et al. (2001), some interfering compounds like
fatty acids, long chain monocarboxylic acids, and aromatics
alcohols remain in the isolated fraction (Luka´cs et al., 2007;
Salma et al., 2008). Such a lack of selectivity is also men-
tioned when XAD8 resin is used, since phenols, aromatic
acids, and cyclic acids co-elute with humic substances in
this case (Sullivan and Weber, 2006a). In the protocol pro-
posed by Decesari et al. (2000) using DEAE, phenols elute
in the polyacids fraction, as also demonstrated by Chang et
al. (2005). Decesari et al. (2005, 2006), proposed a more
selective protocol using DEAE but the carbonaceous compo-
sition of the eluent prevents the measurement of the carbon
content with a TOC analyser. A further improvement using
an elution protocol with inorganic compounds to allow for
TOC analyses is proposed by Mancinelli et al. (2007) but in
this case some phenols and other interfering compounds co-
elute with polyacids.
To characterize the selectivity of both extraction meth-
ods studied, recovery tests were performed for many differ-
ent organic and inorganic compounds comprising functional
groups commonly found in HULIS. Table 2 summarizes the
results obtained with standard solutions for loads of 20µgC
of each compound. None of these chemical species elute in
the fraction of interest for either extraction method, and can
therefore interfere with our target compounds. Yet, both stan-
dard compounds elute entirely in the expected fractions, col-
lected for further quantification. Phenols, which present the
principal interfering compounds for different protocols, do
not co-elute in the extracted fractions. Therefore, these two
methods are fully selective toward humic-like compounds.
3.3 Determination of HULIS in aerosol samples
The mass concentrations of HULIS were determined with
TOC measurements in the aqueous and alkaline extracts of
the actual aerosol series collected in Chamonix and quan-
tified. UV spectroscopy was also conducted in order to
gain some insights on the characterization of the extracted
HULIS. Results are corrected for the extraction yields ob-
tained with SRFA, and expressed in HULIS equivalent
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Fig. 1. Comparison of Total HULIS and Water Soluble HULIS con-
centrations (in µgC m−3) as determined by DEAE and C18+SAX
protocols and TOC measurements. Uncertainties include rela-
tive standard deviation of extraction efficiency determined for both
methods with SRFA standard.
carbon mass concentrations in the atmosphere (µgC m−3).
Field blanks were negligible compared to the concentrations
of actual atmospheric samples, as measured with the DEAE
and C18+SAX methods.
Results obtained for HULISWS and HULIST with both
methods are presented in Fig. 1. It reveals that the C18+SAX
method is more discriminating than the DEAE method for
HULISWS, with much lower concentrations obtained with
the former. This result is also in line with the much lower
yield obtained for C18+SAX with SRFA, and may indicate
that extraction yield for actual HULIS is even lower than
measured for SRFA and used to correct the measured HULIS
concentration. Conversely, results for HULIST are nearly
equivalent for both methods.
The really good correlations between DEAE and
C18+SAX methods for both HULISWS and HULIST could
suggest that HULIS, which are usually referred to as an
operationally-defined class of substances, actually are (or
contain) substances which are humic-like irrespectively of
the analytical protocol used. Here, given the relatively small
batch of samples used for the comparison, this good cor-
relation rather indicates a stability of the characteristics of
HULIS during most of the period of the study, together with
stable extraction procedures in these concentration ranges,
as already mentioned earlier. Moreover, some points are
not aligned on the regression lines even taking into account
the uncertainties associated with the measurements, an in-
dication that some of the samples are slightly different in
their chemical composition. Further, it should be noted
that both regressions show negligible intercepts, an indica-
tion that there is no systematic error due to erroneous blank
corrections. The comparison between the concentrations of
HULIST and HULISWS is presented later (see Sect. 3.5).
The comparisons between the quantifications performed
with TOC measurements and the results obtained at the same
time with the UV detection at 250 nm are presented in Ta-
ble 3, both for HULISWS and HULIST in the actual at-
mospheric samples, and for the reference compound SRFA
in the range 3 to 20µgC. We choose 250 nm as a refer-
ence wavelength because of the large sensitivity obtained for
SRFA for this wavelength, associated with the large density
of aromatic structures in this compound (see Sect. 3.4.2). A
close correlation can be found between both series of mea-
surements, in every case investigated. Correlations are in
each case larger for the DEAE method than for the C18+SAX
method, an indication that the extraction with the former
method better preserve the functional groups responsible for
the absorbance at 250 nm. Note that correlations are also bet-
ter for the reference compound than for the actual extracts,
but that the differences are small between the reference and
the HULIST extracts. Finally, these good correlations cal-
culated with the entire sample series are again an indica-
tion that both types of extracted HULIS present rather sta-
ble characteristics during the whole sampling period. All of
the intercepts are rather small, representing the absorbance
of a few tenths of µgC at most. The slopes of the regression
are always higher for the C18+SAX than for DEAE method,
showing that the C18+SAX extract has a stronger specific ab-
sorbance.
3.4 Qualitative observations deduced from spectro-
scopic measurements
Some insights can be gained with spectroscopic investiga-
tions in order to explain the observations above, since light
absorption in the UV-Vis range is a typical property of humic
substances. This technique cannot deliver detailed informa-
tion about the chemical structure of HULIS but it can provide
results for comparative studies of the isolated fractions. It is
based on some widely used quantitative parameters: the ab-
sorbance data measured at 254 and 280 nm, calculated per
mass unit of carbon (the specific spectral absorbance), and
ratios of spectral absorbance measured at 254 and 360 nm
(E2/E3 ratio).
3.4.1 UV-Visible spectra
The absorption at wavelengths ranging from 250 to 300 nm is
mainly attributed to pi−pi∗.. electron transitions in the double
bonds of aromatic compounds. A shift in the UV spectra to
an absorbance above 300 nm suggests that poly-conjugated
and polymeric structures are present. Indeed, the presence
of aromatic and conjugated compounds, the main electron
sources, explains the shoulder that can be found in humic
substances spectrum (Domeizel et al., 2004). Absorbance in
the bands between 270–280 nm is related to electron transi-
tions in phenolic arenes, aniline derivatives, polyenes, and
polycyclic aromatic hydrocarbons with two or more rings.
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Table 3. Correlations between TOC (x, µgC) and UV (y, mAU) data at 250 nm, measured for a standard solution (SRFA) and for winter
aerosol samples collected at Chamonix (Water Soluble HULIS and Total HULIS).
DEAE C18+SAX
Wavelength Analyte Regression R2 Regression R2
SRFA (n=10) 46.6x+26.2 0.99 79.8x+13.5 0.96
250 nm HULISWS (n=15) 54.6x+11.5 0.94 80.0x+19.8 0.88
































Fig. 2. Impact of the DEAE and C18+SAX extraction protocols on
the UV spectrum of a SRFA standard solution. Specific absorbance
is in arbitrary unit (AU) of absorbance per µg carbon extracted.
These compounds are supposed to be common structural sub-
units in humic matter (Traina et al., 1990).
We can compare UV spectrum of a SRFA water stan-
dard solution before and after extraction with both protocols
(cf. Fig. 2). For comparison, each absorbance spectrum was
plotted by normalizing the UV-Vis absorbance to the mass of
carbon in the extracted HULIS. It is obvious that the DEAE
protocol, respecting both the structure of the absorption spec-
trum and the absorption efficiency, do not change the na-
ture of the standard. Conversely, the C18+SAX extraction
protocol strongly changes the shape of the spectrum with a
much higher specific absorbance at 250 nm and a pronounced
shoulder between 300 and 350 nm. It can be concluded that
this last protocol favors the extraction of high UV-absorbing
compounds (i.e. aromatic and conjugated systems).
Figure 3 presents UV-Vis spectra of both HULIST and
HULISWS extracts from one actual sample of our atmo-
spheric series. The general shapes of the extracts obtained
with the DEAE protocol are rather similar to that of SFRA,
as shown in Fig. 2, with only slightly larger specific ab-
sorbance in the shorter wavelengths region (<400 nm).The
differences in the spectra of HULIST and HULISWS are not
very large, and limited to the 250–340 nm region where a
larger absorbance indicates a slightly increased concentra-
tion of aromatic and high molecular weight polymeric com-
pounds in the former extract. Conversely, the differences are




























 DEAE HULIS T
 DEAE HULIS WS
 C18 + SAX HULIS WS
 C18 + SAX HULIS T 
Fig. 3. Comparison of typical Water Soluble and Total HULIS spec-
tra resulting from DEAE and C18+SAX extraction procedures for
an actual atmospheric sample. Specific absorbance is in arbitrary
unit (AU) of absorbance per µg carbon extracted.
C18+SAX protocol, the specific absorbance of the latter ex-
tracts being much larger over a very large range of wave-
lengths (250–450 nm) again associated with aromatic and
high molecular weight polymeric compounds. Overall, these
results again indicate that the C18+SAX method tends to fa-
vor the specific extraction of short UV-absorbing compounds
compared to the DEAE method.
3.4.2 Specific absorbance
In the field of humic substance research, absorbance values at
280 nm and 254 nm are commonly used for the calculation of
molar absorptivities. For reasons previously explained (see
Sect. 3.4.1), the wavelength of 280 nm was chosen by Chin
et al. (1994) and by Peuravuori and Pihlaja (1997) for such
studies on humic substances. Schafer et al. (2002) prefer to
use 254 nm because most of the aromatic structures present
strong absorption near 250 nm. These spectroscopic param-
eters permit evaluation of the abundance of UV absorbing
chromophores. From our spectra, we measured average mo-
lar absorptivities for the different isolated HULIS fractions
at 280 nm and 254 nm (Table 4).
For each extraction method, the consistency of the spe-
cific absorbance at both studied wavelength, for any of the
3 extracts shows that the extractions do extract a homoge-
neous mixture of compounds. Also, the specific absorbance
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Table 4. Average specific absorbance at 254 nm and 280 nm for standard solutions (SRFA, n=10) and wintertime aerosol (HULISWS,
n=15 and HULIST, n=14) extracted by DEAE and C18+SAX procedures. Specific absorbance of SRFA without extraction, at the same
wavelengths, is presented to show the fractionation due to the extraction procedure.
DEAE C18+SAX
Analyte 254 nm 280 nm 254 nm 280 nm
SRFA 52.1±3.0 34.5±1.4 87.7±7.0 65.12±4.5
HULISWS 58.9±6.5 40.6±4.3 94.9±14.8 66.2±10.8
HULIST 59.5±5.9 43.5±3.4 97.2±14.0 77.3±10.5
SRFA w/o extraction 39.8±1.0 27.4±1.0 39.8±1.0 27.4±1.0
of SRFA is largely increasing after extraction, in larger pro-
portion for the C18+SAX method. Therefore, the extractions
are selectively leading to compounds with larger absorbance
and/or lower carbon content, and this selectivity is more pro-
nounced for the C18+SAX method. Finally, the difference
is small between the specific absorbance of HULIST and
HULISWS while the former are supposed to present larger
molecular weight. Therefore, this mass increase is probably
associated with a larger absorbance, leading to a stable spe-
cific absorbance.
3.4.3 Aromaticity indicator
The ratios between the respective absorbance at two wave-
lengths can give useful information and is commonly used
in the field of aquatic research to perform comparisons be-
tween samples. The ratio between the absorbance at 250
and 365 nm (noted E2/E3) decreases when the aromaticity
and/or molecular size of aquatic humic solutes increase (Peu-
ravuori and Pihlaja, 1997). The determination of E2/E3 ratio
for HULIS has also been approached by Duarte et al. (2007)
and Kriva´csy et al. (2008). However, it is not possible to pro-
ceed to comparisons with our results due to differences in pH
conditions of the extracts leading to changes in specific ab-
sorbance. The ratios determined in our study are presented
in Fig. 4.
SRFA present a higher ratio than HA compounds. In
agreement with their chemical definition this result shows
that HA present more aromatic and/or higher molecular mass
compounds than SRFA. The same parallel can be made with
HULIST and HULISWS. HULIST present smaller ratio than
HULISWS due to higher molecular mass substances and/or
more aromatic system. The structural compositions of the
standard mixtures extracted with both protocols slightly dif-
fer from the one of the original compound. Comparing
the wavelength ratio for SRFA and its extracts show that
both extraction methods these do not discriminate the same
kind of compounds. With a higher ratio after extraction,
the C18+SAX protocol discrimates towards smaller or less
aromatic molecules. As we have seen (Sect. 3.4.2) that


























Fig. 4. Absorptivity ratios between 250 nm and 365 nm. Compari-
son of wavelength ratio for humic standard SRFA and its extract by
both methods with HULIS extracts. Pure HA is included because
it is used as a calibration standard by Limbeck et al. (2005). Un-
certainties include standard deviation on the sample set or standard
solutions analyzed.
most probably leads to irreversible adsorption of the larger
molecular weight compounds of the standard mixture. The
compounds extracted are probably high absorbing UV com-
pounds (high absorbing value at 250 nm) (see Sect. 3.4.1)
but with small molecular weight (weak absorbing value at
360 nm). Conversely, the lower ratio after the DEAE extrac-
tion implies that the compounds that are lost are less aromatic
or have lower molecular weight than the average HULIS.
The average ratios E2/E3 for the atmospheric samples ex-
tracted with both methods show important differences with
that of SRFA, with larger ratios for the latter. However,
it is expected that HULIS, with smaller average molecu-
lar weight and lower aromatic moiety content (Graber and
Rudich, 2006) compared to fulvic acids, should presents
higher ratios E2/E3. The lower values observed in our case
could tentatively be explained by the large impact of biomass
burning, with emissions of aromatic compound (structures
derived from lignin compounds) or by a slower degradation
of aromatics in winter (Samburova et al., 2007).
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R2 = 0,92
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HULIS WS = f (WSOC)
HULIS WS = f (OC)
HULIS T = f (OC)
Fig. 5. Correlations between concentrations (µgC m−3) of WSOC,
OC, versus Water Soluble and Total HULIS extracted with the
DEAE protocol. Uncertainties include relative standard deviation
of extraction efficiency determined with SRFA standard.
3.5 Discussion of atmospheric concentrations
Concurrent measurements of OC, WSOC, and HULIS con-
centrations during the field campaign allow several observa-
tions on the links between these different properties. First
of all, there is a very strong connection between OC and
WSOC (WSOC=0.49*OC+0.18; R2=0.94; concentrations in
µgC m−3). This excellent correlation is again an indication
of the stability of the nature of particulate organic matter
(POM) during the overall sampling campaign, including sta-
bility between day and night periods. This is further con-
firmed by the very small intercept most probably related to
a dominant source for OC (i.e. biomass combustion) at this
period of the year. This is further in line with the high pro-
portion of WSOC found for a winter period. Similar obser-
vations were already reported for the same site (Jaffrezo et
al., 2005).
Figure 5 presents the correlations between the concentra-
tions of OC, WSOC, and HULIST and HULISWS obtained
with the DEAE protocol. Figure 6 presents the same results
for HULIS fractions obtained with the C18+SAX protocol.
Figure 5 indicates excellent correlation coefficients between
the concentrations of both types of HULIS extracts and OC,
and between HULISWS and WSOC. The intercepts are neg-
ligible in all cases. This shows again that the concentra-
tions of all these constituents varied in a coherent manner
during the overall campaign, including day and night peri-
ods. Most probably, this can be attributed to a stable and
dominant source of POM in the valley. The contribution of
HULISWS to WSOC measured in our study are comparable
to data obtained in similar environments, with ratios reported
between 24–44% for polluted rural background (Decesari et
al., 2001), and ratios of 25±6% for tropical biomass burning
aerosol (Mayol-Bracero et al., 2002). Finally, Fig. 5 indi-
cates a contribution of HULISWS to HULIST of about 45%,
underlining the importance in terms of mass and composition
y = 0,07x + 0,13
R2 = 0,76
y = 0,13x + 0,16
R2 = 0,69
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HULIS WS = f (WSOC)
HULIS WS = f (OC)
HULIS T = f (OC)
Fig. 6. Correlations between concentrations (µgC m−3) of WSOC,
OC, versus Water Soluble and Total and HULIS extracted with the
C18+SAX protocol. Uncertainties include relative standard devia-
tion of extraction efficiency determined with SRFA standard.
of the alkali soluble fraction in these conditions. Hoffer et
al. (2006) measured the relative contribution of HULISWS
(in biomass burning aerosol) to light absorption and found
it to be around 7% integrated over the entire solar spectrum,
and up to 50% at 300 nm. HULIST, which present similar
optical properties (see Sect. 3.2), can be expected to have an
equally active role in radiative transfer and photochemistry.
Figure 6 shows that the C18+SAX protocol leads to a larger
dispersion of the results, with correlation coefficients be-
tween the same parameters much lower than those obtained
above with the DEAE method. They are however still sig-
nificant, and intercepts are still negligible. The variability in
the results can probably be attributed in part to the lower re-
producibility of the method (see Sect. 3.1), but also to some
extent to chemical variability in the fraction extracted, that
translates in a variable extraction efficiency. In our tests (see
Sect. 3.1.) we measured extraction efficiency varies from
∼50% for SRFA (value used for correction) to ∼25% for
HA. As mentioned earlier (Sect. 3.3), the fractions of OC
ascribed to both types of HULIS using this extraction pro-
tocol is lower than that deduced with the DEAE method.
It should be mentioned that the ratios HULIS/WSOC and
HULIS/OC are rather low if the yields are corrected with
SRFA, while they significantly increase when HA is used for
the correction. In this last case, a contribution of 16.3±3.8%
is obtained for HULISWS/ OC, comparable to the results ob-
tained by Limbeck et al. (2005) for sampling in the cold sea-
son in urban background, with an average contribution of
HULISWS to the organic fraction of 13.7%. Such questions
do not really exist for the DEAE procedure for which a very
good recovery (97%) of SRFA is observed.
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4 Conclusions
HULIS are a major contributor to the organic carbon frac-
tion in atmospheric aerosol. It would be necessary to de-
fine a standardized analytical method that could be easily and
routinely used for the determination of the concentrations of
HULIS in the field of aerosol sciences. The objective of the
present work was to compare the characteristics of two of
the main methods in use, the DEAE and C18+SAX methods.
In this work, these two protocols have been applied to de-
termine two HULIS fractions, the water extractable fraction
and the total extractable fraction in alkali media, both for
standard compounds (SRFA and HA), and for actual aerosol
collected in winter.
A significant advantage of the DEAE procedure is that the
isolation of HULIS from atmospheric samples is possible
without any preacidification. This method may be directly
applied to the aqueous and alkali extract aerosol. This iso-
lation procedure is simple (in one step), reliable, and selec-
tive and the high extraction yield provides a detection limit
of 2µgC, as determined with SRFA. The high recovery of
this method can provide extensive information on the HULIS
structure. The drawback of this method is the high ionic
strength used during the final elution that does not facilitate
the HULIS quantification. Also, the physical and chemical
characterization of HULIS compounds may be difficult due
to interferences with this inorganic eluent.
For a given sample, the quantity and structural com-
position of the HULIS obtained by the C18+SAX method
strongly differ from that obtained with the DEAE method.
Particularly, this method presents half the extraction yield of
DEAE for both standards compounds (SRFA and HA), lead-
ing to a larger detection limit of 8µgC for SRFA. However,
like for the DEAE method, the efficacy of the two separation
steps is not affected by the presence of potentially interfering
organic matrix. In turn, the UV measurements have shown
that this method is strongly selective toward UV absorbing
compounds and appears to be discriminatory for the HULIS
fraction itself.
As a result, of the two methods tested, DEAE extraction
should be preferred owing to more consistent extractions and
sturdier results. However, further such comparisons may be
required, between those two methods on a wider variety of
aerosol samples coming from different emission sources, and
with other widely used extraction methods before getting
to any definitive recommendation on HULIS determination
methods in the atmospheric aerosol.
5 Notation
ASOC: Alkali Soluble Organic Carbon
EC: Elementary Carbon
DEAE: DiEthylAminoEthyl
HULIST: Total HUmic LIke Substances
HULISWS: Water Soluble HUmic LIke Substances
OC: Organic Carbon
POM: Particulate Organic Matter
SAX: Strong Anion eXchanger
SRFA: Suwanee River Fulvic Acids
WSOC: Water Soluble Organic Carbon
Acknowledgements. The authors are grateful to H. Puxbaum at
Technical University of Vienna for his kind explanations on setting
up the C18-SAX extraction scheme. Thanks also to the review-
ers for their attentive comments on our manuscript. This work was
financed by CNRS-INSU under the program LEFE-CHAT on Sec-
ondary Organic Aerosol.
Edited by: G. Roberts
The publication of this article is financed by CNRS-INSU.
References
Andracchio, A., Cavicchi, C., Tonelli, D., and Zappoli, S.: A new
approach for the fractionation of water-soluble organic carbon
in atmospheric aerosols and cloud drops, Atmos. Environ., 36,
5097–5107, 2002.
Andreae, M. O. and Gelencse´r, A.: Black carbon or brown car-
bon? The nature of light-absorbing carbonaceous aerosols, At-
mos. Chem. Phys., 6, 3131–3148, 2006,
http://www.atmos-chem-phys.net/6/3131/2006/.
Aymoz, G., Jaffrezo, J. L., Chapuis, D., Cozic, J., and Maenhaut,
W.: Seasonal variation of PM10 main constituents in two valleys
of the French Alps. I: EC/OC fractions, Atmos. Chem. Phys., 7,
661–675, 2007,
http://www.atmos-chem-phys.net/7/661/2007/.
Badger, C. L., George, I., Griffiths, P. T., Braban, C. F., Cox, R. A.,
and Abbatt, J. P. D.: Phase transitions and hygroscopic growth
of aerosol particles containing humic acid and mixtures of humic
acid and ammonium sulphate, Atmos. Chem. Phys., 6, 755–768,
2006,
http://www.atmos-chem-phys.net/6/755/2006/.
Birch, M. E. and Cary, R. A.: Elemental carbon-based method for
monitoring occupational exposures to particulate diesel exhaust,
Aerosol Sci. Tech., 25, 221–241, 1996.
Brooks, S. D., DeMott, P. J., and Kreidenweis, S. M.: Water uptake
by particles containing humic materials and mixtures of humic
www.atmos-chem-phys.net/9/5949/2009/ Atmos. Chem. Phys., 9, 5949–5962, 2009
5960 C. Baduel et al.: Comparison of analytical methods for Humic Like Substances (HULIS)
materials with ammonium sulphate, Atmos. Environ., 38, 1859–
1868, 2004.
Cavalli, F., Facchini, M. C., Decesari, S., Mircea, M., Em-
blico, L., Fuzzi, S., Ceburnis, D., Yoon, Y. J., O’Dowd, C.
D., Putaud, J. P., and Dell’Acqua, A.: Advances in char-
acterization of size-resolved organic matter in marine aerosol
over the North Atlantic, J. Geophys. Res., 109, D24215,
doi:10.1029/2004JD005137, 2004.
Cavalli, F., and Putaud, J. P.: Toward a standardized thermal-optical
protocol for measuring atmospheric organic and elemental car-
bon: the EUSAAR protocol, Environ. Sci. Technol., submitted,
2009.
Chan, M. N. and Chan, C. K.: Hygroscopic properties of two model
humic-like substances and their mixtures with inorganics of at-
mospheric importance, Environ. Sci. Technol., 37, 5109–5115,
2003.
Chang, H., Herckes, P., and Collett Jr., J. L.: On the use of an-
ion exchange chromatography for the characterization of wa-
ter soluble organic carbon, Geophys. Res. Lett., 32, L01810,
doi:10.1029/2004GL021322, 2005.
Chen, Y., Senesi, N., and Schnitzer, M.: Information provided on
humic substances by E4/E6 ratios, Soil Sci. Soc. Am. J., 41, 352–
358, 1977.
Chin, Y. P., Aiken, G., and O’Loughlin, E.: Molecular weight, poly-
dispersity, and spectroscopic properties of aquatic humic sub-
stances, Environ. Sci. Technol., 28, 1853–1858, 1994.
Decesari, S., Facchini, M. C., Fuzzi, S., and Tagliavini, E.: Char-
acterization of water-soluble organic compounds in atmospheric
aerosol: A new approach, J. Geophys. Res., 105(D1), 1481–
1489, 2000.
Decesari, S., Facchini, M. C., Matta, E., Lettini, F., Mircea, M.,
Fuzzi, S., Tagliavini, E., and Putaud, J. P.: Chemical features
and seasonal variation of fine aerosol water-soluble organic com-
pounds in the Po Valley, Italy, Atmos. Environ., 35, 3691–3699,
2001.
Decesari, S., Moretti, F., Fuzzi, S., Facchini, M. C., and Tagliavini,
E.: Comment on “On the use of anion exchange chromatogra-
phy for the characterization of water soluble organic carbon” by
Chang, H., Herckes, P., and Collet Jr, J. L., J. Geophys. Res.
Lett., 32, 24, L24814, doi:10.1029/2005GL023826, 2005.
Decesari, S., Fuzzi, S., Facchini, M. C., Mircea, M., Emblico, L.,
Cavalli, F., Maenhaut, W., Chi, X., Schkolnik, G., Falkovich,
A., Rudich, Y., Claeys, M., Pashynska, V., Vas, G., Kourtchev,
I., Vermeylen, R., Hoffer, A., Andreae, M. O., Tagliavini, E.,
Moretti, F., and Artaxo, P.: Characterization of the organic com-
position of aerosols from Rondoˆnia, Brazil, during the LBA-
SMOCC 2002 experiment and its representation through model
compounds, Atmos. Chem. Phys., 6, 375–402, 2006,
http://www.atmos-chem-phys.net/6/375/2006/.
Dinar, E., Taraniuk, I., Graber, E. R., Katsman, S., Moise, T.,
Anttila, T., Mentel, T. F., and Rudich, Y.: Cloud Condensa-
tion Nuclei properties of model and atmospheric HULIS, Atmos.
Chem. Phys., 6, 2465–2482, 2006,
http://www.atmos-chem-phys.net/6/2465/2006/.
Dinar, E., Riziq, A. A., Spindler, C., Erlick, C., Kiss, G., and
Rudich, Y.: The complex refractive index of atmospheric and
model humic-like substances (HULIS) retrieved by a cavity ring
down aerosol spectrometer (CRD-AS), Faraday Discuss., 137,
279–295, 2008.
Domeizel, M., Khalil, A., and Prudent, P.: UV spectroscopy: a
tool for monitoring humification and for proposing an index of
the maturity of compost, Bioresource Technol., 94(2), 177–184,
2004.
Duarte, R. M. B. O., Pio, C. A., and Duarte, A. C.: Synchronous
scan and excitation-emission matrix fluorescence spectroscopy
of water-soluble organic compounds in atmospheric aerosols, J.
Atmos. Chem., 48(2), 157–171, 2004.
Duarte, R. M. B. O. and Duarte, A. C.: Application of non-ionic
solid sorbents (XAD resins) for the isolation and fractionation of
water-soluble organic compounds from atmospheric aerosols, J.
Atmos. Chem., 51, 79–93, 2005.
Duarte, R. M. B. O., Santos, E. B. H., Pio, C. A., and Duarte A.
C.: Comparison of structural features of water-soluble organic
matter from atmospheric aerosols with those of aquatic humic
substances, Atmos. Environ., 41, 8100–8113, 2007.
Facchini, M. C., Fuzzi, S., Zappoli, S., Andracchio, A., Gelencse´r,
A., Kiss, G., Kriva´csy, Z., Meszaros, E., Hansson, H. C., Als-
berg, T., and Zebuhr, Y.: Partitioning of the organic aerosol com-
ponent between fog droplets and interstitial air, J. Geophys. Res.,
104(D21), 26821–26832, 1999.
Feczko, T., Puxbaum, H., Kasper-Giebl, A., Handler, M., Limbeck,
A., Gelencse´r, A., Pio, C., Preunkert, S., and Legrand M.: Deter-
mination of water and alkaline extractable atmospheric humic-
like substances with the TU Vienna HULIS analyzer in sam-
ples from six background sites in Europe, J. Geophys. Res., 112,
D23S10, doi:10.1029/2006JD008331, 2007.
Fuzzi, S., Decesari, S., Facchini, M. C., Matta, E., Mircea, M.,
and Tagliavini, E.: A simplified model of the water soluble or-
ganic component of atmospheric aerosols, Geophys. Res. Lett.,
28, 4079–4082, 2001.
Fuzzi, S., Andreae, M. O., Huebert, B. J., Kulmala, M., Bond,
T. C., Boy, M., Doherty, S. J., Guenther, A., Kanakidou, M.,
Kawamura, K., Kerminen, V.-M., Lohmann, U., Russell, L. M.,
and Po¨schl, U.: Critical assessment of the current state of scien-
tific knowledge, terminology, and research needs concerning the
role of organic aerosols in the atmosphere, climate, and global
change, Atmos. Chem. Phys., 6, 2017–2038, 2006,
http://www.atmos-chem-phys.net/6/2017/2006/.
Graber, E. R. and Rudich, Y.: Atmospheric HULIS: How humic-
like are they? A comprehensive and critical review, Atmos.
Chem. Phys., 6, 729–753, 2006,
http://www.atmos-chem-phys.net/6/729/2006/.
Gysel, M., Weingartner, E., Nyeki, S., Paulsen, D., Baltensperger,
U., Galambos, I., and Kiss, G.: Hygroscopic properties of
water-soluble matter and humic-like organics in atmospheric fine
aerosol, Atmos. Chem. Phys., 4, 35–50, 2004,
http://www.atmos-chem-phys.net/4/35/2004/.
Hatch, C. D., Gierlus, K. M., Schuttlefield, J. D., and Grassian,
V. H.: Water adsorption and cloud condensation nuclei activity
of calcite and calcite coated with model humic and fulvic acids,
Atmos. Environ., 42, 5672– 5684, 2008.
Hautala, K., Peuravori, J., and Pihlaja, K.: Measurement of aquatic
humus content by spectroscopic analyses, Water Res., 34, 246–
258, 2000.
Havers, N., Burba, P., Lambert, J., and Klockow, D.: Spectroscopic
characterization of humic-like substances in airborne particulate
matter, J. Atmos. Chem., 29, 45–54, 1998.
Hoffer, A., Gelencse´r, A., Guyon, P., Kiss, G., Schmid, O., Frank,
Atmos. Chem. Phys., 9, 5949–5962, 2009 www.atmos-chem-phys.net/9/5949/2009/
C. Baduel et al.: Comparison of analytical methods for Humic Like Substances (HULIS) 5961
G. P., Artaxo, P., and Andreae, M. O.: Optical properties of
humic-like substances (HULIS) in biomass-burning aerosols, At-
mos. Chem. Phys., 6, 3563–3570, 2006,
http://www.atmos-chem-phys.net/6/3563/2006/.
Hopkins, R. J., Tivanski, A. V., Marten, B. D., and Gilles, M.
K.: Chemical bonding and structure of black carbon reference
materials and individual carbonaceous atmospheric aerosols, J.
Aerosol Sci., 38(6), 573–591, 2007.
Jaffrezo, J.-L., Aymoz, G., Delaval, C., and Cozic, J.: Seasonal
variations of the water soluble organic carbon mass fraction of
aerosol in two valleys of the French Alps, Atmos. Chem. Phys.,
5, 2809–2821, 2005,
http://www.atmos-chem-phys.net/5/2809/2005/.
Kanakidou, M., Seinfeld, J. H., Pandis, S. N., Barnes, I., Dentener,
F. J., Facchini, M. C., Van Dingenen, R., Ervens, B., Nenes, A.,
Nielsen, C. J., Swietlicki, E., Putaud, J. P., Balkanski, Y., Fuzzi,
S., Horth, J., Moortgat, G. K., Winterhalter, R., Myhre, C. E.
L., Tsigaridis, K., Vignati, E., Stephanou, E. G., and Wilson, J.:
Organic aerosol and global climate modelling: a review, Atmos.
Chem. Phys., 5, 1053–1123, 2005,
http://www.atmos-chem-phys.net/5/1053/2005/.
Kiss, G., Varga, B., Galambos, I., and Ganszky, I.: Charac-
terization of water-soluble organic matter isolated from atmo-
spheric fine aerosol, J. Geophys. Res.-Atmos., 107, D218339,
doi:10.1029/2001JD000603, 2002.
Kiss, G., Tombacz, E., and Hansson, H. C.: Surface ten-
sion effects of humic-like substances in the aqueous extract
of tropospheric fine aerosol, J. Atmos. Chem., 50, 279–294,
doi:10.1007/s1087400550795, 2005.
Kriva´csy, Z., Kiss, G., and Varga, B.: Study of humic-like sub-
stances in fog and interstitial aerosol by size-exclusion chro-
matography and capillary electrophoresis, Atmos. Environ., 34,
4273–4281, 2000.
Kriva´csy, Z., Gelencse´r, A., Kiss, G., Meszaros, E., Molnar, A.,
Hoffer, A., Meszaros, T., Sarvari, Z., Temesi, D., Varga, B., Bal-
tensperger, U., Nyeki, S., and Weingartner, E.: Study on the
chemical character of water soluble organic compounds in fine
atmospheric aerosol at the Jungfraujoch, J. Atmos. Chem., 39,
235–259, 2001.
Kriva´csy, Z., Kiss, G., Ceburnis, D., Jennings, G., Maenhaut, W.,
Salma, I., and Shooter, D.: Study of water-soluble atmospheric
humic matter in urban and marine environments, Atmos. Res.,
87, 1–12, 2008.
Limbeck, A., Handler, M., Neuberger, B., Klatzer, B., and
Puxbaum, H.: Carbon-specific analysis of humic-like substances
in atmospheric aerosol and precipitation samples, Anal. Chem.,
77(22), 7288–7293, 2005.
Luka´cs, H., Gelencse´r, A., Hammer, S., Puxbaum, H., Pio, C.,
Legrand, M., Kasper-Giebl, A., Handler, M., Limbeck, A.,
Simpson, D., and Preunkert, S.: Seasonal trends and possi-
ble sources of brown carbon based on 2-year aerosol measure-
ments at six sites in Europe, J. Geophys. Res., 112, D23S18,
doi:10.1029/2006JD008151, 2007.
Mancinelli, V., Rinaldi, M., Finessi, E., Emblico, L., Mircea, M.,
Fuzzi, S., Facchini, M. C., and Decesari, S.: An anion-exchange
high-performance chromatography method coupled to total or-
ganic carbon determination for the analysis of water-soluble or-
ganic aerosols, J. Chromatogr. A, 1149, 385–389, 2007.
Marchand, N., Besombes, J. L., Chevron, N., Masclet, P., Aymoz,
G., and Jaffrezo, J. L.: Polycyclic aromatic hydrocarbons (PAHs)
in the atmospheres of two French alpine valleys: sources and
temporal patterns, Atmos. Chem. Phys., 4, 1167–1181, 2004,
http://www.atmos-chem-phys.net/4/1167/2004/.
Mauderly, J. L. and Chow, J. C.: Health Effects of
Organic Aerosols, Inhal. Toxicol., 20, 257–288,
doi:10.1080/08958370701866008, 2008.
Mayol-Bracero, O. L., Guyon, P., Graham, B., Roberts, G., An-
dreae, M. O., Decesari, S., Facchini, M. C., Fuzzi, S., and Ar-
taxo, P.: Water-soluble organic compounds in biomass burning
aerosols over Amazonia – 2. Apportionment of the chemical
composition and importance of the polyacidic fraction, J. Geo-
phys. Res., 107, D208091, doi:10.1029/2001JD000522, 2002.
Mircea, M., Facchini, M. C., Decesari, S., Cavalli, F., Emblico, L.,
Fuzzi, S., Vestin, A., Rissler, J., Swietlicki, E., Frank, G., An-
dreae, M. O., Maenhaut, W., Rudich, Y., and Artaxo, P.: Impor-
tance of the organic aerosol fraction for modeling aerosol hygro-
scopic growth and activation: a case study in the Amazon Basin,
Atmos. Chem. Phys., 5, 3111–3126, 2005,
http://www.atmos-chem-phys.net/5/3111/2005/.
Janos, P.: Separation methods in the chemistry of humic substances,
J. Chromatogr. A, 983, 1–18, 2003.
Peuravuori, J. and Pihlaja, K.: Molecular size distribution and spec-
troscopic properties of aquatic humic substances, Anal. Chim.
Acta, 337, 133–149, 1997.
Peuravuori, J., Monteiro, A., Eglitec, L., and Pihlajaa, K.: Com-
parative study for separation of aquatic humic-type organic con-
stituents by DAX-8, PVP and DEAE sorbing solids and tangen-
tial ultrafiltration: elemental composition, size-exclusion chro-
matography, UV-vis and FT-IR, Talanta, 65(2), 408–422, 2005.
Pio, C. A., Legrand, M., Oliveira, T., Afonso, J., Santos, C., Ca-
seiro, A., Fialho, P., Barata, F., Puxbaum, H., Sanchez-Ochoa,
A., Kasper-Giebl, A., Preunkert, S., and Schock, M.: Climatol-
ogy of aerosol composition (organic versus inorganic) at nonur-
ban sites on a west-east transect across Europe, J. Geophys. Res.,
112, D23S02, doi:10.1029/2006JD008038, 2007.
Putaud, J. P., Raes, F., Van Dingenen, R., Bruggemann, E., Fac-
chini, M. C., Decesari, S., Fuzzi, S., Gehrig, R., Huglin, C.,
Laj, P., Lorbeer, G., Maenhaut, W., Mihalopoulos, N., Muller,
K., Querol, X., Rodriguez, S., Schneider, J., Spindler, G., ten
Brink, H., Torseth, K., and Wiedensohler, A.: European aerosol
phenomenology-2: chemical characteristics of particulate matter
at kerbside, urban, rural and background sites in Europe, Atmos.
Environ., 38(16), 2579–2595, 2004.
Puxbaum, H., Rendl, J., Allabashi, R., Otter, L., and Scholes, M.:
Mass balance of the atmospheric aerosol in a South African
subtropical savanna (Nylsvley, May 1997), J. Geophys. Res.-
Atmos., 105, 20697–20706, 2000.
Salma, I., Ocskay, R., and La´ng, G. G.: Properties of atmospheric
humic-like substances - water system, Atmos. Chem. Phys., 8,
2243–2254, 2008,
http://www.atmos-chem-phys.net/8/2243/2008/.
Samburova, V., Zenobi, R., and Kalberer, M.: Characterization of
high molecular weight compounds in urban atmospheric parti-
cles, Atmos. Chem. Phys., 5, 2163–2170, 2005,
http://www.atmos-chem-phys.net/5/2163/2005/.
Samburova, V., Didenko, T., Kunenkov, E., Emmenegger, C.,
Zenobi, R., and Kalberer, M.: Functional group analysis of high-
molecular weight compounds in the water-soluble fraction of or-
www.atmos-chem-phys.net/9/5949/2009/ Atmos. Chem. Phys., 9, 5949–5962, 2009
5962 C. Baduel et al.: Comparison of analytical methods for Humic Like Substances (HULIS)
ganic aerosols, Atmos. Environ., 41, 4703–4710, 2007.
Schafer, A. I., Mauch, R., Waite, T. D., and Fane, A. G.: Charge ef-
fects in the fractionation of natural organics using ultrafiltration,
Environ. Sci. Technol., 36, 2572–2580, 2002.
Sullivan, A. P. and Weber, R. J.: Chemical characterization of the
ambient organic aerosol soluble in water: 1, Isolation of hy-
drophobic and hydrophilic fractions with a XAD-8 resin, J. Geo-
phys. Res., 111, D05314, doi:10.1029/2005JD006485, 2006a.
Sullivan, A. P. and Weber, R. J.: Chemical characterization
of the ambient organic aerosol soluble in water: 2, Isola-
tion of acid, neutral, and basic fractions by modified size-
exclusion chromatography, J. Geophys. Res., 111, D05315,
doi:10.1029/2005JD006486, 2006b.
Tagliavini, E., Moretti, F., Decesari, S., Facchini, M. C., Fuzzi,
S., and Maenhaut, W.: Functional group analysis by H
NMR/chemical derivatization for the characterization of organic
aerosol from the SMOCC field campaign, Atmos. Chem. Phys.,
6, 1003–1019, 2006,
http://www.atmos-chem-phys.net/6/1003/2006/.
Traina, S. J., Novak, J., and Smeck, N. E.: An Ultraviolet ab-
sorbance method of estimating the percent aromatic carbon con-
tent of humic acids, J. Environ. Qual., 19(1), 151–153, 1990.
Varga, B., Kiss, G., Ganszky, I., Gelencse´r, A., and Kriva´csy,
Z.: Isolation of water-soluble organic matter from atmospheric
aerosol, Talanta, 55, 561–572, 2001.
Zappoli, S., Andracchio, A., Fuzzi, S., Facchini, M. C., Gelencse´r,
A., Kiss, G., Kriva´csy, Z., Molnar, A., Meszaros, E., Hansson, H.
C., Rosman, K., and Zebuhr, Y.: Inorganic, organic and macro-
molecular components of fine aerosol in different areas of Europe
in relation to their water solubility, Atmos. Environ., 33, 2733–
2743, 1999.
Atmos. Chem. Phys., 9, 5949–5962, 2009 www.atmos-chem-phys.net/9/5949/2009/
